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Abstract
We present a measurement of the branching fractions for decay from the long-lived 5D5/2 level in
138Ba+. The branching
fraction for decay into the 6S1/2 ground state was found to be 0.846(25)stat(4)sys. We also report an improved measurement of
the 5D5/2 lifetime, τ5D5/2 = 31.2(0.9) s. Together these measurements provide the first experimental determination of transition
rates for decay out of the 5D5/2 level. The low (< 7× 10
−12 Torr) pressure in the ion trap in which these measurements were
made simplified data acquisition and analysis. Comparison of the experimental results with theoretical predictions of the
transition rates shows good agreement.
PACS numbers: 32.70.Cs, 37.10.Ty
I. INTRODUCTION
Trapped ions provide a useful physical system for a
variety of experimental applications including quantum
computation [1, 2], precision measurement [3, 4], and fre-
quency standards [5]. These applications leverage the en-
vironmental isolation and long trap lifetimes provided by
trapped ions to obtain long interrogation times and rel-
atively systematic-error free methodologies. A deep and
thorough understanding of atomic theory is necessary for
the development and analysis of trapped ion and other
atomic physics experiments. This understanding is ce-
mented by the comparison of precisely measured atomic
parameters with those calculated from atomic theory.
Such comparisons provide checks on the accuracy of the
atomic wavefunctions involved in theoretical calculations.
Excited state lifetimes and branching fractions are read-
ily measured and allow direct comparison with calcula-
tion results [6–9]. Here we present a measurement of the
branching fractions for decay from the metastable 5D5/2
level in Ba+. To our knowledge, a branching fraction
measurement on such a long-lived atomic level as bar-
ium’s 5D5/2 level (τ ∼ 30 s) has not previously been
done, although the branching fraction of the metastable
2D5/2 level in Yb
+ (τ ∼ 7 ms) has been measured [10].
The long lifetime of the metastable state in barium intro-
duces additional systematic effects that must be carefully
considered and controlled. A discussion of these system-
atic effects follows the presentation of the results later in
this article.
II. EXPERIMENTAL PROCEDURE
A single 138Ba+ ion was confined in a linear Paul
trap similar to that described in [11, 12]. The com-
bined action of a 20 l/s ion pump and periodic flashes
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FIG. 1: (Color online) Relevant energy levels of 138Ba+.
Doppler cooling is done on the 6S1/2 to 6P1/2 transition with
493 nm light while 650 nm light is present to repump the
5D3/2 level. A laser at 455 nm allows us to shelve the ion
in the long-lived 5D5/2 level by driving transitions between
the 6S1/2 and 6P3/2 levels. A shelved ion can be returned to
the cooling cycle by applying light at 614 nm. The two decay
paths from the 5D5/2 level are shown. The measurement of
the branching fraction to the ground state, q, from that level
is the subject of this article.
of a titanium filament in a titanium sublimation pump
maintained the pressure in the vacuum chamber at a
pressure below the 7 × 10−12 Torr minimum readable
pressure of the Varian senTorr BA2C gauge controller
with a Varian UHV-24p ionization gauge installed in the
chamber. The relevant level structure and transitions
of a 138Ba+ ion are displayed in Fig. 1. The ion was
Doppler cooled primarily on the 6S1/2 to 6P1/2 transi-
tion with 493 nm light derived by frequency doubling a
home-built 986 nm external cavity diode laser (ECDL)
similar to the design described in [13]. A second home-
built ECDL at 650 nm was used to repump from the
long-lived 5D3/2 level (τ ≈ 80 s [14]) to which the 6P1/2
level decays roughly one quarter of the time. In order to
excite the ion to the 5D5/2 level, a home-built 455 nm
1
ECDL was used to drive the 6S1/2 to 6P3/2 transition.
Since the 5D5/2 level is long-lived and disjoint from the
cooling cycle, an ion occupying that level is said to be
“shelved,” and the level itself is sometimes referred to as
the “shelved state.” The 6P3/2 level branches upon decay
into the 5D5/2, 5D3/2, and 6S1/2 levels with probabili-
ties 0.215, 0.029, and 0.756, respectively [15]. This means
that in the presence of 455 nm and 650 nm light the ion
will be reliably optically pumped into the shelved state.
Note that, in the presence of 455 nm light alone, an ion
initially in the ground state will be shelved about 89% of
the time, with the remaining population transferred to
the 5D3/2 level. Light at 614 nm, derived by frequency-
doubling a 1228 nm ECDL, was used to deshelve the ion,
when necessary, by driving the 5D5/2 to 6P3/2 transition,
which returns the ion to the cooling cycle. Mechanical
shutters were used on all lasers to ensure that only the
desired wavelengths of light were interacting with the ion
at any given time during the experimental cycle.
The experimental cycle for the measurement of
the branching fractions of the 5D5/2 level consisted of
five major steps: cooling, shelving, wait for decay, re-
shelving, and state detection. First, the ion was Doppler
cooled for 75 ms. Next the ion was shelved to the 5D5/2
level with 65 ms of 455 nm light while the 650 nm light
remained on to repump any decays to the 5D3/2 level.
All light was then extinguished for a duration of 2 s, al-
lowing the ion to decay in a few percent of the trials.
Then the 455 nm beam was exposed for 30 ms in order
to re-shelve any decay to the 6S1/2 ground state. Fi-
nally state detection was performed by turning on the
cooling lasers, with an ion having decayed to the 5D3/2
level appearing “bright” and an ion having decayed to
the 6S1/2 ground state and been reshelved or not having
decayed appearing “dark.” Fig. 2 shows a histogram of
fluorescence counts with clearly distinguished bright and
dark distributions. Bright and dark state discrimination
was > 99.9%. If the ion was found to be in the 5D5/2
level upon detection, then a deshelving pulse of 614 nm
light was applied before restarting the cycle. A waveform
sequence detailing the timing of the application of each
laser is shown in Fig. 3.
III. RESULTS
The branching fraction measurement comprised
13,000 experimental cycles like those discussed in the pre-
vious section. The probability that the ion was in the
5D5/2 level at the end of the procedure, Pdark, depends
on the initial shelving efficiency, Psh, the probability of
decay from the 5D5/2 level during the wait time, Pdec,
the re-shelving efficiency, Pre-sh, the branching fraction
for decay into the 6S1/2 level, q, and the probability of
a sequential decay from 5D5/2 to 5D3/2 to 6S1/2 during
the wait time, Pseq-dec. Following the experimental cycle,
the ion will be found to be dark in three ways: (1) the ion
was shelved and subsequently did not decay Psh(1−Pdec),
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FIG. 2: (Color online) Histogram of the fluorescence counts
recorded in the 500 runs comprising the 30 s wait time data
point of the 5D5/2 lifetime measurement to be described later
in this report. The histogram is presented here as an example
demonstrating the high quality of the discrimination between
the bright and dark ion states. This particular data was cho-
sen because the number of events in the bright and dark peaks
are roughly equal, making it easy to interpret visually without
need for rescaling or other manipulation. The vertical dashed
line shows a threshold below (equal to or above) which the
run is categorized as dark (bright). Since the background
(from laser scatter, room light, and PMT dark counts) does
not vary significantly, the dark peak fits well to a Poisson
distribution. Modeling the bright counts is complicated by
drift in the cooling laser frequency over the long duration of
the data acquisition. This implies that the bright distribution
draws from a sum of Poisson distributions with a variety of
means. Independently of how this fitting was done in detail,
the probability for a false dark event (ion in the cooling cycle
measured to have fluorescence below threshold) was invari-
ably found to be < 10−3 and the probability for a false bright
event was even lower.
(2) the ion was shelved, subsequently decayed to the
ground state, and was re-shelved PshPdecqPre-sh, and (3)
the ion was shelved, subsequently decayed to the 5D3/2
level, subsequently decayed to the ground state, and was
reshelved PshPdec(1 − q)Pseq-decPre-sh. Adding these to-
gether, we find Pdark to be
Pdark = Psh(1− Pdec) + Psh Pdec q Pre-sh
+Psh Pdec(1 − q)Pseq-dec Pre-sh.
(1)
Solving this equation for q shows how the branching frac-
tion depends on all the quantities to be measured,
q =
Pdark − Psh [1− Pdec(1− Pre-sh Pseq-dec)]
Psh Pdec Pre-sh(1− Pseq-dec)
. (2)
In order to extract the branching fractions from the data,
we must independently measure each of these probabil-
ities. To measure Psh and Pre-sh, we interleaved mea-
surements of the shelving efficiency of an ion initially in
the ground state both with the 650 nm laser unshuttered
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FIG. 3: (Color online) Timing sequence for application of
each of the four lasers. The ion is being exposed to a given
laser when the corresponding trace in the diagram is high.
The duration of application of each laser is largely determined
by the slow response times of the mechanical shutters and
the desire to have absolute confidence in the ordering of the
sequence. The operations involved are reliably completed in
much shorter times than are used. The experimental cycle
is detailed in the main text. Briefly, the cycle consisted of
Doppler cooling, shelving with 455 nm and 650 nm light, a 2 s
wait for decays from the 5D5/2 level, re-shelving of the decays
to ground state with 455 nm light, detection of the resulting
ion fluorescence state, and deshelving when necessary.
and shuttered with every 100 branching fraction cycles.
Based on these measurements we observed no evidence
of variation in the shelving efficiency which allowed us
to consolidate all the data taken into a single set. These
measurements yield the values of Psh and Pre-sh to be
0.999 49(42) and 0.888 7(16), respectively. We also in-
dependently measured the fraction of the time the ion
decayed from the 5D5/2 level during the 2 s wait time
by using the same procedure outlined in the previous
section, but without the re-shelving pulse. This mea-
surement finds Pdec = 0.0654(22) and also provided the
first data point in the 5D5/2 lifetime measurement dis-
cussed below. The probability of the sequential decay,
Pseq-dec, is small enough that an estimate based on the
lifetime of the 5D3/2 level suffices to address the effect.
We estimate that on average the decays to the 5D3/2 level
reside there for one second before the fluorescence state
is measured, which, using the level’s 79.8 s lifetime [14],
implies that Pseq-dec = 0.012(6). We additionally correct
for a slight bias toward “bright” counts due to decays
of the shelved ion that occur during the 75 ms of cool-
ing before detection, resulting in an average of slightly
less than three extra “bright” counts per 1000 cycles.
After this correction, we find the shelved fraction to be
Pdark = 0.9836(12). Putting all these measurements to-
gether, we find the branching fraction for decay of the
5D5/2 level to the 6S1/2 level to be q = 0.850(25) where
the error is statistical, based on propagation of the bino-
mial errors in all the measurements discussed above.
The analysis above makes the unjustified assump-
tion that in the (1− Psh) = 0.05% of the cycles in which
the ion failed to be shelved intially, it was always found
to be bright upon fluorescence detection. It is reason-
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FIG. 4: (Color online) The natural logarithm of the fraction
of trials in which the ion remained shelved, fsh, versus the du-
ration that the ion spent in the 5D5/2 shelved state is plotted.
The errorbars on the four data points are statistical based on
the binomial distribution. The red line is a linear fit through
the origin with slope its only fit parameter. The fit implies
the lifetime to be τ = 31.1(0.9) s.
able to assume that whenever the ion was not shelved
before the wait time, it must have resided either in the
5D3/2 level or the ground state, but we do not have a
simple means of discerning which. If (when not initially
shelved) the ion always resided in the 5D3/2 level at the
onset of the wait time, then the analysis from the pre-
vious paragraph is valid, since the ion would indeed be
found to be bright upon detection. If, however, the ion
always resided in the ground state as the wait time be-
gan, then the re-shelving pulse would have transferred
the ion to the 5D5/2 level in 89% of those trials. Ad-
justing the analysis to assume that the ion was always
in the ground state when the initial shelving pulse failed
lowers the extracted value of the branching fraction to
q = 0.842(24). The reality is likely that when the initial
shelving pulse failed, some population resided in both the
5D3/2 and 6S1/2 levels. Therefore, including this effect as
a systematic uncertainty, we report the measured value
of the branching fraction for the decay of the 5D5/2 level
into the 6S1/2 ground state to be q = 0.846(25)stat(4)sys.
Both in order to extract transition rates from our
branching fraction measurement and to help estimate
systematic effects, we measured the lifetime of the 5D5/2
level by counting the number of decays with wait times of
2 s, 5 s, 10 s, and 30 s for 6000, 1000, 1000, and 500 exper-
imental cycles respectively. The lifetime data is shown in
Fig. 4, along with a line of best fit for the logarithm of
the shelved fraction, fsh, versus the wait time. The only
fit parameter is the lifetime τ = 31.1(0.9) s where the
error is statistical.
In order to more directly compare our experimen-
tal result with theoretical predictions, we calculate tran-
sition rates from our measured lifetime and branching
fraction for the decay from the 5D5/2 level into the 6S1/2
3
ground state. Using theoretical calculations for the rele-
vant reduced matrix elements of the electric quadrupole
(E2) and magnetic dipole (M1) operators, we find tran-
sition rates predicted by several theorists using the fol-
lowing equations:
AE2ki =
1
4πǫ0
1
15
ω5
h¯c5
1
gk
|Ski|
2
where Ski = |〈k||E2||i〉|
(3)
AM1ki =
1
4πǫ0
4ω3
3h¯c3
1
gk
|Ski|
2
where Ski = |〈k||M1||i〉| .
(4)
Here h¯ω is the difference in energy between states i and
k, and gk is the degeneracy of the upper state, k [16]. Our
results and the transition rates predicted by theory are
presented in Table I. While the results presented here are
insufficiently precise to distinguish between the selected
set of theoretical calculations, an increase in precision
of about a factor of three on the transition rate from
the 5D5/2 level to the 6S1/2 level would suffice to begin
rejecting some calculations.
The major systematic effects of experiments involv-
ing long dwell times in metastable states are effects re-
lated to the presence of background gas, leakage light,
and ion heating. At our trap pressure of < 7×10−12 Torr,
the quenching effect due to the presence of background
gas is nearly negligible. Based on quenching rates for the
5D5/2 level found in literature [14, 21], background gas
collisions at our estimated trap pressure reduce the mea-
sured lifetime by 0.1 s. Therefore we report the lifetime of
the 5D5/2 level of
138Ba+ to be τ = 31.2(0.9) s. The use
of mechanical shutters ensured that no unwanted laser
light impinged on the ion during the long dwell time. A
number of mechanisms, not all of which are fully under-
stood, contribute to heating of ions in Paul traps [22].
Thus it could be supposed that the long duration with-
out cooling involved in each experimental cycle of the
TABLE I: Comparison of theoretical predictions and our ex-
perimental results
Transition Present Work Previous Theory
Relative Strength Aki(s
−1) Aki(s
−1)
5D5/2 → 6S1/2 0.846(25) 0.0271(15) 0.02692[17]
0.02693‡ [18]
0.02607[19]
0.02800[20]
5D5/2 → 5D3/2 0.154(25) 0.00494(83) 0.005470[17]
0.005543[18]
0.005573[19]
0.005499‡ [20]
‡ These values do not appear explicitly in the references, but were
deduced based on the 5D5/2 lifetimes quoted therein.
branching ratio and lifetime measurements could result
in ions so hot that they would not reliably appear bright
when the cooling lasers are finally exposed for detection.
However, ion heating resulting in false dark readings was
found to be a negligible effect. We ran 1000 cycles of an
experimental sequence in which the ion spent the same
duration in the absence of the cooling lasers as it did
in the branching ratio measurement, but in the ground
state instead of the D5/2 level. Ion heating is not ex-
pected to depend on electronic state, so the heating in
this test should faithfully reproduce the heating in the
branching ratio measurement. After the duration spent
in the dark, the cooling lasers were turned on and the ion
was measured to be bright in every trial. Furthermore,
looking at the distribution of the bright counts, we see
no change in our ability to discriminate bright ions from
dark ones due to heating during the long dwell time.
IV. CONCLUSIONS
In conclusion, we have made the first experimen-
tal measurement of the branching fractions from the
5D5/2 level of Ba II, finding that the level decays to
the ground state with probability 0.846(25)stat(4)sys. In
addition, our measurement of the 5D5/2 lifetime, τ =
31.2(0.9) s, improves on the previous best measurement,
τ = 32.3(2.6) s [14], reducing the uncertainty by almost
a factor of three. Together these measurements pro-
vide the first experimentally determined values for the
rates of the 5D5/2 to 6S1/2 and 5D5/2 to 5D3/2 tran-
sitions. The values for those transtion rates are found
to be 0.0271(15) s−1 and 0.00494(83) s−1, respectively.
Good agreement between our measured values and recent
theoretical predictions was found.
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